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THE most comprehensive data on water vapor or steam volumes 
were published by Knoblauch, Linde and Klebe* thirty years ago. 
Since this publication, increased pressures and temperatures have 
been applied in the generation and use of steam for power until at the 
present time 80 atm. turbines and boilers are not uncommon and 
superheated steam to temperatures approaching 650° C are being 
considered. The insufficient range of the earlier measurements in 
pressure (11 atm.) and in temperature (190° C) for present day steam 
applications is evident, and for this reason the Steam Research Com- 
mittee*® of the American Society of Mechanical Engineers in 1921 
requested the precise measurement of steam volumes to temperatures 
and pressures as high as modern experimental technique would 
permit. 

The designers of boilers and steam power machines have not only 
used the new data as rapidly as it could be obtained from the reports 
presented at the annual meetings‘ of the American Society of Mechani- 
cal Engineers, but have in the past fifteen years pushed forward ten- 
tative machine designs for use at higher pressures and higher tem- 
peratures faster than exact data could be provided for definitive 
machine design. 


‘The earlier papers of this series appeared as follows: Part I, Proe. Am. 
Aead. of Arts and Sciences, 68, 505 (1933); Part II, ibid., 69, 137 (1954); 
Part III, ibid., 69, 285 (1934) 

Knoblauch, Linde and Klebe, Mittheilung iiber Forschungsarbeiten, 
Heft 21, 1905. 

> Mech. Eng. 43, 557 (1921). 

‘A list of these reports is given in Part I, p. 506, of the present series of 
papers, 
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At the moment the superheat temperatures of steam in actual use 
exceeds the upper limit of temperature (460° C) reached in the volume 
measurements to be reported. The range of pressure and temperature, 
however, over which exact measurements have been made is now so 
great that extrapolation to higher temperatures may be undertaken 
with considerable confidence. This opinion is amply supported by 
the comparisons of derived quantities obtained from the extrapolated 
volume data with similar measured quantities* obtained by colleagues 
in England, in Germany and in Czechoslovakia. 

The economic importance of reliable steam data for engineering 
purposes is evident. The purely scientific importance of exact data 
on the properties of water is no less evident, for without extensive 
data no finally satisfactory correlations of important properties of 
aqueous solutions and other physico-chemical phenomena can _ be 
made. The data should therefore prove especially valuable in inter- 
preting solubility effects at higher temperatures, a region of great 
practical significance on account of the role water plays in many 
geological phenomena. 

The new data is of use also in connection with the development of 
the theory of molecular forces; a knowledge of which is of the most 
fundamental importance in correlating such diverse properties of 
matter as the departure from the ideal gas laws, viscosity, surface 
tension, adsorption properties, phase transformation, density de- 
pendance of dielectric constants and chemical interaction under 
pressure. Water consists of molecules possessing a permanent dipole 
and in consequence the molecular field is more complicated in its 
dependance on the distance of separation of the molecules than, for 
example, the atoms of the rare gases, hydrogen, oxygen, carbon 
dioxide,—gases which do not possess permanent dipoles. At the 
present time, p, v, 7’ data for dipole gases is not abundant and besides 
ammonia there is very little data over an extended range of tempera- 
ture. 

The present measurements of steam volumes at various pressures 
and temperatures have been obtained by the methods and procedures 
described in Part I of the Steam Program Series of papers. The data 
have been presented, as obtained during the past decade, at the 
annual December meetings of the Steam Research Committee but 
neither in detail nor accompanied by an adequate discussion of 
their probable precision. Often also, the data for introducing 
certain corrections had not been obtained at the time of the 


* Privately communicated. 
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annual reports and moreover important improvements were in- 
troduced in subsequent measurements which modified the numbers 
given in the running series of progress reports. In the present paper 
all the data taken have been reduced from the original measurements 
introducing every refinement possible in correcting the results for 
container dilation with temperature and pressure, for gauge “ constant”’ 
drift with time, for volumnometer irregularities, for gauge weight 
calibrations, for the effects of thermometry errors, and for other 
effects connected with the peculiarities of the measuring procedures. 

Many samples of water were used in several types of container 
constructed of different materials. The larger specific volumes were 
confined with mercury which limited the temperature to which the 
measurements could be carried due to the present lack of knowledge 
of the properties of mercury and mercury-water gas phase mixtures. 
On the other hand, measurements at lower temperatures and neces- 
sarily low pressures, are affected by adsorption to such an extent that 
below 190° C the attempt to continue the use of the static method of 
measurement was abandoned in favor of a new method. 

Of course the older measurements of Knoblauch, Linde and Klebe 
are in the range below 190° C and were obtained by using a static 
method, thus making confirmation by an independent method es- 
pecially desirable. ‘Two modifications of the static method have been 
used above 190° C in the work upon which the present paper is based; 
and the development of a new method was undertaken in the autumn 
of 1929, whereby the departure of steam from the ideal gas laws 
could be measured directly with the fluid in a state of steady motion.° 
Adsorption under conditions of steady motion of the steam has no 
disturbing influence whatever on the measurements of interest. ‘The 
method was first tested by using ammonia and carbon dioxide, fluids 
for which accurate low pressure p-v-7' data are available for compari- 
son purposes. 

The new method®” was applied to steam in 1933 and 1934, and sup- 
plied sufficient data to permit the correlation of steam volumes over 
the lower range of temperature. Since June 1934 the entire apparatus 
has been redesigned to give results of greater precision and useful for 
a greater range of temperature and pressure. In a later paper a 
detailed account of the apparatus will be given together with a com- 


>See Part I, footnote 38, p. 543. 
*l. G. Keyes and 8. C. Collins, Proe. Nat. Acad. Sei. 78, 328 (1982). 
G. Keyes and L. B. Smith, Mech. Eng. 55, 114 (1988). 
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0H 
prehensive series of measurements of (= and the Joule-Thomson 


effect for steam, both of which may be obtained simultaneously in the 
same apparatus if desired. 

The temperature scale employed in the measurements has already 
been referred to in Part I, Section 5, and is that of the platinum 
electrical resistance thermometer interpreted by means of the Callen- 
dar difference formula. The relation of the thermodynamic scale of 
temperature to the International scale’ is of evident importance and 
since the writing of paper, Part I, several scores of observations of the 
relation of the nitrogen gas scale to the international platinum scale 
have been carried out in this laboratory by our colleague, Professor 
James A. Beattie and his collaborators. In addition, exhaustive 
investigations of the important fixed point, the boiling point of sul- 
phur, have reached a stage where publication may soon be expected. 
The precision of the steam data secured at M.I.T. and by our col- 
leagues is sufficiently great to make the difference between the Inter- 
national Kelvin scale and the thermodynamic scale deduced from the 
gas scale readings of great interest. The nature of the results of the 
M. I. T. thermometric studies emphasizes moreover the importance 
of independent investigations which will give precision to the calcula- 
tion and comparison of derived and measured thermodynamic 
quantities. Certainly it now seems improbable that a final decision 
regarding the thermodynamic consistancy of the existing mass of 
steam data will be reached until the relation of the present inter- 
national scale and the thermodynamic scale is known to within 
possibly 0.01° C over the temperature range of the measurements. 
The latter quantity appears to be about the order of magnitude of the 
reproducibility attained in the practice of thermometry by the workers 
in the different laboratories cooperating in the steam investigation. 

THe VoLuME Dara FOR STEAM 

In Table I of paper Part I the several types of container used were 
listed along with their internal volumes and the coefficients of thermal 
expansion. The smaller specific volumes were measured by confining 
the water sample with the liquid phase, Fig. 9 Part I. In using this 
method the chief inaccuracy arises in the location of the meniscus 
between the vapor phase and liquid phase in the container capillary 
just above the surface of the molten salt bath. This uncertainty is 
small, the less the steam pressure relative to the saturation pressure. 


8 Burgess, U. 5S. Bur. of Stand. Jour. of Research, 23, 635 (1925). 
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Near saturation it was necessary to wait for long periods before an 
equilibrium was attained, but the final perfection of the capillary 
cooler-heater (Fig. 10 Part I) made it possible to locate accurately 
the two phase miniscus, thereby expediting the measurements and 
increasing the precision of measurement. The device made it possible 
to make measurements within a small fraction of an atmosphere of the 
saturation pressure and in this way virtually observe directly the 
volume of the saturation state. 

The measurements by the static method were made by observing 
the pressures and temperatures corresponding to a selected constant 
volume. The constant volume lines for any fluid are nearly linear on 
the t, p plane, and in determining the true saturation volume the 
| isometrics were extrapolated both graphically and analytically, to 

find the temperatures corresponding to the saturation pressures. A 
test of the correctness of the saturation volumes may be obtained 
through the Clapeyron relation comparing the computed heats of 
evaporation with similar quantities measured by our colleagues at 
the U. S. Bureau of Standards. The only uncertainty in these com- 
parisons arises from our imperfect knowledge of the relation of the 
indications of the platinum resistance thermometer to the thermo- 
dynamic scale. 

The data obtained in the nickel container, No. 1,° are not reported 
in the present paper. These data while consistant to nearly one part 
in three thousand for two separate samples of water did not prove to be 
consistant with similar measurements made in stainless steel. No 
entirely satisfactory explanation of the discrepancy has been found 
but evidence was obtained indicating that a slow decomposition 
takes place with water.in contact with nickel whereby nickel oxide is 
formed and the hydrogen completely absorbed by the metal. Our 
knowledge of the rate of this phenomenon is not definite and it does 
not appear finally satisfactory to assign all the discrepancy to the 
interaction. Whatever the complete account of the difficulty may be, 
the older measurements are certainly not in accord with repeated 
measurements in stainless steel in two forms of container using the 
water-confining and mercury-confining method. 

Most of the data given in Table I have been reported in the Decem- 
ber A. S. M. E. meetings but the numbers will be found to differ some- 
what therefrom. These differences arise from a recomputation of all 
the directly observed data and the application of various corrections 
which could not be applied for lack of data at the time of the interim 


°L. B. Smith and F. G. Keyes, Mech. Eng. 53, 125 (1931). 
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reports. One of the most important of the corrections is the drift of 
the pressure gauge “constants”’ with time; an effect long suspected 
but not definitely settled until rather late in the steam program.* 
Duplicate measurements were made using different containers and 
varying total loadings of water, and this together with variations in 
general conditions provides a test of reproducibility. The absolute 
accuracy of the data may be judged by employing the data to derive 
thermodynamic quantities which may be compared with directly 
measured quantities. We refer particularly to comparisons of latent 
heats computed by means of the Clapeyron relation, values of the 
enthalpy, the specific heats and Joule-Thomson effect values. 


THE ANALYTICAL FORMULATION OF THE DATA 


A formulation of the data was recently published! and in the 
spring and summer of 1934 a reformulation was carried out!" resulting 
in a somewhat better representation of the data. In the second 
formulation fewer constants (9 in place of 12) were used and a simpler 
equation in the form v = f(p, 7) was developed valid to 10 cc. per 
gram on the vapor saturation line. It would be desirable to have 
available an analytical representation to the smallest volumes but 
thus far it has not been found possible to develop a single equation 
satisfactory for the entire range from infinite volumes to, say 2 cc. 
per gram. It is possible without great difficulty to represent a greater 
range of the data when the pressure is represented as an explicit 
function of the volume and temperature. 

The equation of state of a real gas at low pressures may be very 
satisfactorily derived on a rational basis when the value of the intra- 
molecular potential is known.” In the case of a substance such as 
water composed of molecules possessing a permanent dipole, the 
molecular field is much more complicated’ as compared with non- 
polar molecules of which the rare gases hydrogen, nitrogen and carbon 
dioxide are examples. However there is enough evidence indicating 
that the potential corresponding to the attractive forces is very large 
compared to the potential of the repulsive forces in the case of the 


* About 1930. 
OF. G. Keyes, L. B. Smith and H. 'T. Gerry, Mech. Eng. 56, 87 (1934). 
'! FF. G. Keyes, L. B. Smith and H. T. Gerry, Mech. Eng. 57, 164 (1935). 
“RR. H. Fowler, “Statistical Mechanics,” 1929, Chap. 8. F. G. Keyes, 
Chem. Rev., 6, 175 (1929). J. G. Kirkwood and F. G. Keyes, Phys. Rev., 37, 
S32 (1931). 
6, J. G. Kirkwood, J. Chem. Phys. /, 597 (1933). 
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water molecule. ‘This makes it possible to employ as a sufficient 
approximation the van der Waals molecular model where the poten- 
tial of the repulsive forces is assumed to be infinite on molecular 
contact. Actually, of course, our knowledge of molecular structure 
has progressed sufficiently to make clear that the older concept of 
definite and sharp molecular boundaries has lost meaning. ‘The 
approximation attending the assumption of infinite repulsive poten- 
tial is however, for equation of state purposes increasingly better as 
the attractive potential becomes larger. The facts can be illustrated 
by reference to Figure 1, where the true course of the potential, |’, 
as a function of the distance, r, is represented by the full line, while 
the dotted line represents conditions on the assumption that at dis- 
tance s an infinite positive or repulsive potential is encountered. 
It is clear that the larger the area inclosed between the negative 
potential curve and the r axis, the better the approximation will be 
for van der Waals’ assumption regarding molecular forces, since the 
ratio of the shaded area to the whole area becomes small. Helium, 
hydrogen, neon offer examples of substances where the attractive 
potential is very small relative to the repulsive potential and the error 
introduced by van der Waals’ assumption Is far too great to be ignored. 
In these cases a more general form of potential must be used as for 
example that which sufficed very well in the case of helium where 


ce*—br*.4 The simple expression = Cyr~4— br~ is also 
reasonably successful in representing the behavior of helium and 
hydrogen. 


To derive the equation of state it is convenient to use the phase 
integral of Gibbs.’© For the case of a gas at not too great pressures it 
can be shown” that the equation of state may be written as follows: 

RT 
(1) 


where J, is given by the equation 
vf (e kT —1)rdr 2) 


NV is Avogadro’s number, “ Pot” represents the molecular potential 
and k is Boltzmann’s constant. If the van der Waals assumption is 


“Slater and Kirkwood, Phys. Rev., 37, 682 (1931). Wirkwood and Neves, 
Phys. Rev., 37, 832 (1931). 

‘6 Gibbs, ‘Elementary Principles of Statistical Mechanies’? Equation 92. 

‘7. G. Keyes, Chem, Rev. 6, 202 (1929). 
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made and the attractive potential is assumed to vary as the inverse 
sixth power of distance!® ae (2) may be solved and we obtain: 


{ j-1 
B, = 3 


where $ and A are constants. 

Water vapor, or steam, is composed of molecules possessing a per- 
manent dipole and the attractive potential cannot be represented as a 
satisfactory approximation by a simple inverse sixth power term. 
The correct general expression has been recently given by Kirkwood!® 
who showed that the average attractive potential consists of three 
terms, or rather three groups of terms. One term containing the 
temperature arises from the rotating dipole. There is a second term 
of inverse sixth power similar to that for non-polar molecules and 
finally a composite third term. ‘This general potential expression by 
Kirkwood may be used to compute B° for water but the slow con- 
vergence of the series of terms similar to the summation in equation 
(3) made the use of the equation at low temperatures very incon- 
venient. It was found however that an empirical sum-expression 
could be devised which represented satisfactorily the values of B, 
obtained from the measurements. ‘The final expression obtained for 
B° in the case of steam is the following: 


= 1.89 — 2641.62 10808707” (4) 


where t is used to represent 7. In obtaining this equation the 
volume data of Table I was employed but the lowest temperature 
available was somewhat below 200. It is true that we have available 
the 1905 measurements of Knoblauch, Linde and Klebe, but these 
were determined by the static method which in our hands did not 
seem a reliable method below 190° because of adsorption of the water 
vapor on the walls of the container. Instead of using the K. L. and K. 


s7) , where H represents the en- 
Ap /r 

'S The assumption that a simple inverse sixth power term represents the 
potential is of course not strictly correct. There are higher order terms, a 
quadrapole and even higher orders with combination terms which play an 
increasing réle as the distance between molecular centers diminishes. ‘The 
use of the inverse sixth power may in consequence be regarded as an approxi- 


mation. 
19 J. G. Kirkwood, J. Chem. Phys. 1, 597 (1933). 
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thalpy, measured directly using the “flow” method already mentioned. 


The values of | —— } were measured at low pressures (Ap = po — )), 
and can be accurately represented as linear functions of pressure as 


AH 1 
follows: { — =%+- 


formulation values of Y = ee may be derived and used to extend 


91(pe+ pi). From the latter type of 


the B, curve. The lowest temperature for which direct experimental 
data are available is 60°. 

The theory of the equation of state is not at a stage where a suitable 
expression for high pressures may be derived. Moreover the “natural” 
form of the equation of state comes from the theory giving p as a 
function of v and 7, or what amounts to the same thing, B as a 
function of v and 7’, whereas convenience in computing many thermo- 
dynamic quantities requires that v be given explicitly in terms of p 
and 7. The most suitable procedure at present appears therefore to 
attempt to represent B in equation (l)asB= Bo +o:p+..... 
Qnp™ Where . . . are temperature functions. After con- 
siderable experience accumulated in the course of numerous attempts 
to represent the steam data accurately, the following form for B was 
adopted: 


The first step in the process of securing the constants used to 

represent the temperature functions B,, 91, 93 and 912 is to obtain “B”’ 
RT 

values { B = v — 12) corresponding to the pressures and volumes 


along isotherms. In this way a series of equations at all temperatures 
can be prepared by least squares as follows: 


Bu, = Boy + 914, P + + 91%, PY 

+i 
= By + oy, P+ Giz, 


To correlate the B,, terms by least square procedure, a form of tem- 


perature function was chosen in accordance with the theory already 
discussed. The explicit expression has already been given as equation 
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178.402 
181.389 


151.833 
156.607 


165.137 


142.215 
148.566 


220.025 


219.842 


210.784 


194.118 
201.951 


193.226 


173.384 


154.741 


267.878 | 
317.298 
367.654 


230.931 
252.748 
274.367 
295.536 


225.819 
260.715 


216.133 
243.518 


204.683 
226.821 


181.385 
196.909 


160.516 
172.435 


317.218 
338.537 
359.710 


294.563 


327.836 
360.173 


269.746 


295.539 
320.444 


248.049 


268.715 
288.700 


211.775 
226.179 


240.171 


183.610 


194.464 
204.988 


A 


195.0 
196.0 : 
96. 
197.0 
0 : 
198. 
199.0 
200.0 
210.0 
212.5 
220.0 
227.5 
230.0 
0 
0 
0 
5 
| 
220.644 | 
380.0 | 234.370 
. 
262.404 | 
390.0 62. 
| 290.947 
410.0 319.801 
430.0 
440.0 
460.0 


TABLE I 
Spreciric VOLUMES OF STEAM 
Temperatures °C; volumes, cc./g.; pressures, International atmospheres 


iB 1B 1B 1B 1B 2B 2B 2B 2B 2B 2B 2 2B 
2B’ch. 2B’ 1B 2B. | 2B’ | 2B’ | 2B’ 2’ | 2B’. 
7.5 10.0 12.5 15.0 17.5 20.0 20.0 20.0 30.0 30.0 | 39.5 | 40.0 | 40.0 | 40.0. 
49.164 48.827 | 4 
48.996 
50.322 49.856 | 49.855 | 4 
52.008 51.533 | 51.511 | 5 
63.622 
65.921 | 65.821 | 53.635 53.123 
68.220 | 68.145 | 55.229 54.665 | 54.708 | 5 
90.604 | 90.499 
90.765 
91.143 
si 92.582 56.745 | 56.192 | 56.169 
101.28 
104.286 | 96.301 | 96.449] 96.342| 72.611] 72.568 | 58.261 | 57.638 | 57.642 | 57.711 | 5 
113.965 
ined 118.413 | 108.690 100.009 59.718 | 59.102 | 59.096 
135.657 | 123.725 | 112.988 | 103.654 | 103.627 | 103.589 | 76.841 | 76.832 60.646 | 6 
151.833 
_— 156.607 | 142.215 | 128.838 | 117.154 107.103 
178. 
181.389 | 165.137 | 148.566 | 133.857 | 121.235 | 110.504 | 110.456 | 110.525] 80.900] 80.841 63.497 | 6 
193.226 | 173.384 | 154.741 
204.683 | 181.385 | 160.516 | 143.453 | 129.679 | 117.092 | 117.049 | 117.105 | 84.845 | 84.804 66.279 | 6 
226.821 | 196.909 | 172.435 | 152.670 | 136.666 | 123.436 | 123.400 | 123.535 | 88.678 | 88.674 69.015 | 6 
248.049 | 211.775 | 183.610 | 161.501 | 143.930 | 129.624 | 129.628 | 129.632 | 92.439 | 92.437 71.682 | 7 
268.715 | 226.179 | 194.464 | 170.094 | 150.958 | 135.674 | 135.656 | 135.594} 96.152] 96.161 74.320 | 7 
288.700 | 240.171 | 204.988 | 178.473 | 157.886 | 141.587 | 141.580 | 141.4841 99.789! 99.836 76.947 | 7 


At 410° and 4 cc. the volume is evidently in error. 


The value 295.866 was obtained by interpolation. 
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13.220 
13.591 


26.238 
26.482 
27.303 


26.503 
27.309 


20.514 


21.106 
21.688 


20.086 


20.664 
21.217 


13.952 


14.302 
14.647 


48.689 


39.388 
40.592 


39.052 
40.469 


34.983 
36.051 


28.082 
28.854 


28.099 
28.869 


22.258 
22.816 


21.769 
22.297 


14.986 
15.323 


49.753 
51.417 


43.088 


42.988 


37.090 
38.104 


29.592 
30.345 


29.618 
30.355 


23.365 
23.905 


22.825 
23.356 


15.658 
15.990 


54.613 


45.483 


45.366 


39.101 
40.078 


31.055 
31.767 


31.081 
31.794 


24.437 
24.964 


23.863 
24.378 


16.319 
16.646 


57.643 


47.751 


47.688 


41.035 
41.980 


32.476 
33.154 


32.496 
33.188 


25.485 
26.001 


24.881 
25.391 


16.971 
17.297 


60.586 


49.985 


49.914 


42.915 


33.857 


33.870 


26.514 


25.892 


17.620 


63.428 


52.188 


52.105 


| 66.225 
68.963 


54.308 
56.426 


54.257 
56.384 


| 71.658 


74.311 
| 76.966 


58.503 


60.555 
62.608 


58.465 


60.546 
62.605 


Ve 
2B 2B 2B 2 2B 2 2 2B 2B 2 es 
2B’ | 2B’. 2B’ 2’ 2B’ 2’ 2’ 2B’ 2B’ 2’ t ae 
140.0 | 150.0 = 
40.0 50.0 50.0 57.5 75.0 75.0 97.5 | 100.0 
13.787 195 ae 
13.898 196 
. 
13.957 197 
14.003 198 
. 
14.040 199 ee 
14.074 200 
14.479 210 = 
| s14.871 | | 220 
15.252 230 
15 
.627 240 ee 
251 
16.366 260 
: 
265 
16.745 270 
wd 
e 
| 305.5 
18.502 320 
322 
| 18.839 | | 330 
332.5 
344.5 
350 
357.5 — 
370 
371.5 
375 
410 
| 420 
430 
ve 
) 
ie 
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(4). Using the smoothed set of B, values a new set of 9 terms were 
derived using transformed equations of the form (B — B,)/p = 9; — 
p> + dig The terms resulting were next correlated by least 
square procedure after a suitable empirical form for 1 had been 
developed. The form adopted was as follows: 


= gi (t) (7) 
With the smoothing function for 9), a set of new functions was again 
computed, namely [(B — B,)/p — 91] 1/p? = 93 + o12 p®. Another 


set of 93's and 912’s was then obtained and as in the case of 9; a smooth- 
ing function g3 was developed. The form for 93 was the following: 


93 = Bet ge (8) 
Finally, using the values of 93 from this smoothing function, the 


B—B, 
function | | — gig was computed. The 

p? 
values so obtained were then smoothed by determining the constants 
of the following form by least square computation. 


gio = gs 


The equation of state with the numerical values of the constants 
determined by least square procedure is given in full below. 


4.55504 
’ 


= (273.16 + tC) 


mol wt. H.0 — 18.0154 
pressure in international atm. 
volume in ce. per gram of steam. 


B= Bo + B? gi (t) tp + Bot go (2) — Bol? gs 
B, = 1.89 — 2641.62 + 10808707” 
gi(t) = 82.546 + — 1.6246 10°22 (9) 
go(t) = 0.21828 — 1.2697 1052 
g3(t) = 3.635 10 — 6.768 10%?! 


The equation is valid to 10 cc. per gram at saturation pressure and 
temperature but not reliable along the saturation line to smaller 
volumes. At higher temperatures, however, the pressures corre- 
sponding to somewhat smaller volumes may be reliable. At this point 
it is apropos to note that the coefficients of the pressures become 
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rapidly of lesser significance when higher temperatures are in question. 
As an example, the p™ coefficient at 400° C is more than 24000 times 
smaller than the same coefficient at 300°. The coefficient of p* at 
400° is however somewhat less than 16 times smaller than the same 
coefficient at 300° while the ratio in the case of the coefficient of ) is 
5.56. The order of importance of the coefficients is therefore evident 
and it is equally evident that a very rapid simplification of the equa- 
tion of state takes place as higher temperatures are approached. It 
is for this reason that the use of the equation for extrapolation pur- 
poses to give the volume of steam at high temperatures appears 
reliable provided volumes less than 10 cc. per gram are not in question. 

The representation of B as a function of temperature and density 
is much easier than as a function of temperature and pressure. Never- 
theless to represent the data to volumes as small as 3 ec. per gram has 
proved difficult. The selection of the simplest function consistent 
with precision in representing the data has not yet been made. For 
this reason no temperature-volume function will be given in the:present 
paper but an equation will be given in a succeeding paper. 


THE REPRESENTATION OF THE DATA 


Instead of tabulating the computed pressures or computed volumes 
using the equation of state 9 for comparison with the measured values, 
the following tables have been prepared giving a comprehensive 
survey of the degree of accord secured. 


TABLE II 


DerVIATION IN PERCENT OF VOLUMES OBSERVED Less CALCULATED USING 
9. Stream ConFINED WITH Mercury 


Con- 

tainer Vol. 
No.  ee./g. t 200 210 220 230 240 
2 150 0.096 0.034 0.004 0.018 0.034 
2B 140 .079 .001 — .031 — .027 — .009 
2B 100 .142 . 104 
2 97.5 257 239 .211 
2B 75.0 .181 . 100 
2 75.0 .087 .074 
2 40.0 

2B 39.5 


Average deviation 0.106 percent or one part in 940 
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Con- 

tainer 
No. 250 
2 0.064 
2B —.124 
2B .129 
2 .192 
2B .120 
2 .049 
2 

2B 
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TABLE II—continued 


DEVIATION IN PERCENT OF VOLUMES OBSERVED Less CALCULATED USING 
EQvuaTION 9. STEAM CONFINED WITH MERCURY 


260 
0.082 
— .021 

.193 

. 188 

. 100 

.041 


270 
0.093 
—.117 
.217 
.189 
.157 
.058 
— .035 
— .014 


9 


0. 


80 
105 


. 002 
.197 
. 199 
. 109 
.072 


098 
029 


Average deviation 0.106 percent or one part in 


TABLE ITI 


301 


DEVIATION IN PERCENT OF VOLUMES OBSERVED LEss CALCULATED USING 


EQuaTION 9. STEAM CONFINED WITH LIQuID WATER 


Con- 
tainer Vol. 
Cap. 40 


Used 20 


Con- 
tainer 
No. 340 


260 
— 


390 


+ .03 
+.13 
+.26 
+ .05 
—.74 


(PARTS PER 1000 ON THE PRESSURE) 


270 


— .26 


360 
— .44 


+1.16 


280 290 
— .48 
370 —-380 
—.08 
+.18 
+.06 
—.07 
—.02 —1.52 
—1.64 —1.69 


17 
. 66 


++++4++4+4 


15 


27 
21 
07 


Average deviation 2.64 parts per 10000 


320 


3 


30 


290 300 
0.121 0.137 
016 006 4 
262 
233 
.179 204 
.051 .014 
010 007 
940 
Abie 
| 300 || || | 
+ .00 
—.70 + .04 
ater — .55 — .05 
eater 30 .05 
B 2 31 63 ae 
iB 20 +.31 +. 
B 47 
17.5 447 
IB 12.5 
iB 7.5 
A 
oR . 
2B . Ol . 32 32 29 
‘ 
Heater — .05 +.13 + .22 —.15 —.25 
J + .0% + .40 04 33 ee 
— — 
Used — .28 .03 
— 4 l 
IB +.41 17 .44 +.56 +. 
1B +.28 “ +.53 +.41 
B 28 8 37 31 8 
B - +.0 +.07 +.07 
l .18 07 07 
1B —.36 —.57 
4 
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The differences between the computed and observed volumes based 
on an equation similar to Equation 9 but of slightly different form 
involving three more constants were given in Table II of Mechanical 
Engineering for February 1934. Sincé the earlier equation was 


published the measurements of (3) to 60° C by Doctor Collins be- 
P/T 


came available and the results were used in a re-correlation of all the 
steam data. 

A computation of the volumes corresponding to the pressures and 
temperatures measured by Knoblauch, Linde and Klebe shows 
slightly better agreement with the observed volumes than was ex- 
hibited in Table I of the 1934 article referred to above. The present 
average deviation using Equation 9 for the whole range of 56 points 
is 0.142 percent as compared with 0.149 percent using the earlier 
equation. The actual numbers for six volumes are given in Table IV. 


TABLE IV 
DEVIATIONS OF VOLUMES OBSERVED Less CALCULATED K. L. AND K. Data 
PARTS PER 100 


Vol. 
ec./g. 110 120 130 140 150 160 170 180 190 


1598 0.128 0.128 0.116 0.098 0.076 


1122 —.155 —.121 —.096 —.107 

740.5 109 .115 .091 .069 .061 

389.7 — .035 — .028 

191.0 —.006 +.022 


The steam for volume measurements from 150 cc. to 39.5 ce. per 
gram (Table II) was confined in the containers by means of mercury. 
Observations were taken to temperatures of 330° but subsequent 
comparisons with similar measurements where the steam was confined 
with water made clear that 330 was too high a temperature in the 
present stage of knowledge pertaining to the physical properties of 
mercury-water mixtures to permit adequate corrections to be made 
for the presence of mercury vapor. An important correction is of 
course that for the vapor pressure of mercury taking account of the 
effect of the pressure of the steam on the mercury (Poynting effect). 
The usual treatment proceeds on the assumption that the ideal gas 
law applies to the vapor (mercury vapor in this instance) and also 
that the neutral gas exerting a pressure P and the vapor of the liquid 
form a gaseous mixture for which Dalton’s rule is valid. Neither of 
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these assumptions are a sufficiently close approximation*® to enable 
the observed steam-mercury pressures to be corrected when the 
temperature exceeds 300° C. 

In the case of the volume measurements where the steam was con- 
fined with water the capillary heater above the steam container 
facilitated measurements made near the saturation pressure. Of 
course the meniscus, water-steam, was greatly sharpened, but at 
pressures well below saturation the capillary heater does not play as 
important a role. The closer agreement between the computed 
volumes and those measured as shown in Table III is due in part to 
the fact that at higher densities adsorption effects are smaller and 
moreover the complications due to the presence of mercury were 
absent. There was also an erratic trend which has not found explana- 
tion. 


SATURATION STEAM VOLUMES 


A graph wherein pressure and temperature form the ordinates and 
abscissas will contain the saturation or vapor pressure line with the 
pressures and temperatures corresponding to the various constant 
volumes forming nearly straight lines rising from the vapor pressure 
curve. Each constant volume line drawn through the experimental 
points may be extrapolated to the vapor pressure to give the satura- 
tion pressure and temperature corresponding to the constant volume 
values.2!. The extrapolation would appear to offer iittle difficulty 
because the isometrics exhibit comparatively slight curvature. In 
the case of steam, however, and possibly the same behavior will prove 
true for other vapors when correspondingly precise data are available, 
the curvature increases perceptibly as the isometric passes into 
contact with the saturation pressure-temperature line. 

This characteristic curvature effect in the isometrics can be made 
more evident by means of a special graph, Fig. 2, wherein the iso- 
metric pressures and temperatures are plotted as percentage pressure 
deviations from linear equations based on a pair of pressures and 


*0 H. T. Gerry and L. J. Gillespie, Phys. Rev. 40, 269 (1932) have critically 
considered the data for the vapor pressure of iodine obtained by the gas 
streaming method. In the paper cited details are given of a method for making 
an exact computation of the effect of a neutral gas on vapor pressure whereby 
the deficiencies of Dalton’s rule and the ideal gas laws are avoided. 

*t A diagram of this kind will be found in Mech. Eng. 53, 136 (1931). Fig. 
1, and a preliminary set of saturation temperatures for various volumes is 
given in Table 4 of the same article. These values are, however, superseded 
by the results given in the present paper. 
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temperatures for each isometric. In the figure a different scale has 
been used for each isometric and the diameter of the circles corresponds 
in each case to a part in a thousand of the pressures. The figure 
makes quite evident the increased curvature of the isometric for the 
first 25 to 50 degrees from the saturation condition. The increased 
curvature appears to attain a maximum at about 10 to 20 cc. per 
gram and is less at 4 cc. per gram, although it must be noted that the 
available range of pressures and temperatures is less. 

Where high precision is desired the difficulty of graphical extrapola- 
tion appears pronounced. The experience obtained thus far indicates 
the superiority of computing values of B (B = v — RT/p) from the 
observed data and representing them by means of a smoothing func- 
tion such as, for example, the analytical expression for B in Equation 
9. Once successive trials have indicated a suitable smoothing func- 
tion, a least square representation of the isometric pressures and tem- 
peratures may be secured and the corresponding saturation values 
determined with a precision related to the suitability of the smoothing 
function. Table V gives a survey of the saturation volumes, column 
1 of which gives the graphically extrapolated saturation temperature 
corresponding to the volumes of column 2. Column 3 gives the specific 
volume computed from the equation of state using the temperatures 
given in column 1 and the corresponding saturation pressures,” 
while the fourth column contains the volumes computed by means 
of a special equation for saturation volumes as follows: 

4.5550 X T, + AB. 
1 


AB, = | (10) 
(0.17119 + 0.0382 + 4.73- 10x) + 0.14- 


(374.11 — = (273.16 + B, from Equation 9 


I 


The table indicates that the saturation temperatures as determined 
by graphical means are in nearly all cases (isometries for 17.5, 12.5, 
and 10.0 are exceptions) too low relative to the saturation temperatures 
that would be deduced by the equation of state using the experimental 
isometric volumes. The saturation temperatures obtained through 
the use of the equation of state are however assumed to be the more 
reliable in view of the apparently precise smoothing of the isometric 
data. To give reliable saturation volumes, the analytical method 


= L. B. Smith, F. G. Keyes and H. 'T. Gerry, Proc. Am. Acad. Arts and 
Sci., 69, 137 (1934). Equation (1) for vapor pressures was used. 
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using empirical smoothing functions requires isometric pressures and 
temperatures close to saturation. The steam measurements were in 
all cases as Fig. 2 indicates, taken as close to saturation as seemed 
practical and in several instances (140 ce. and 75 cc.) a number of 
observations were made within a fraction of a degree of the saturation 
temperature. A difficulty arises nevertheless since adsorption tends 
to its largest effect near saturation. The larger the specific volume 


TABLE V 
(GRAPHICALLY ExTRAPOLATED ISOMETRICS AND COMPUTED SATURATION 
VOLUMES 
Isometric 
vol. Vie Vis 

ce. /g. Kq.(9) Kq.(10) 
191.90 150 150.25 150.25 
195. 26 140 140.11 140.11 
211.98 100 100. 32 100.33 
213.33 97.5 97.727 97.738 
227.30 75 75.112 75.118 
250.00 50 50.043 50.061 
263.05 40 40. 004 40.018 
280.19 30 30.019 30.028 
304. 64 20 20.017 20.018 
312.70 17.5 17.484 17.486 
321.56 L5 15.023 15.028 
332.03 12.5 12.477 12.474 
343.89 10 9.959 9.978 
357. 11 7.5 7.537* 7.502 
364.05 6. 2! 6.253 
370.53 5 4.975 
373.40 4 4.127 


* Saturation Volumes smaller than 10 ee. per gram are not accurately given 
by the Equation of state (9). 


or the lower the temperature, the greater the relative importance of 
errors due to adsorption on the walls of the container, and the iso- 
metric pressure will tend in consequence to be low near saturation. 
The whole subject has been given considerable thought over a period 
of several years during which many variations of the graphical and 
analytical methods were investigated. We believe the saturation 
values given by the equation of state the best that can be obtained 
at this time with the data available. 

The equation of state is valid to about 10 cc. per gram while the 
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special equation 10 is valid over the entire range or at least to a 
saturation volume of 4 cc. per gram. It is not believed however that 
the precision for volumes smaller than 10 cc. per gram is as satisfactory 
as for larger volumes. The method by which the special equation 
(10) was constructed is as follows: 

The saturation volumes, temperatures and pressures consistent 
with the equation of state 9, the corresponding values from the graphi- 
cal process, and the saturation pressures as given by the formula of 


Part II, were used to compute AB, from the relation + Bo- 


Ps 

The magnitude AB, may evidently be represented as a function of 
(374.11 — t,), designated by 2x, or of p,. The former independent 
variable was selected. By trial it was found that the reciprocal of 
AB, tended to a limiting value as x moved to zero. The limiting 
value chosen was 0.17119 and the function (AB,)~! — 0.17119) a 
appeared to vary linearly with 2”? when all available saturation data 
obtained by the graphical process were used. A straight line repre- 
sented by 0.032 + 4.73 - 10-2?” appeared to be satisfactory for 
representing the data to temperatures as low as 250° C. Comparisons 
were then made between the specific volumes computed with this 
provisional special equation and the saturation values below 200° C 
computed by means of the equation of state 9. From a consideration 
of the differences between the saturation volumes given by the pro- 
visional special equation and the saturation volumes computed from 
the equation of state, the term (1 + 0.14 XK 10~z'®) was devised to 
represent the quantity 


[1 + (v, provisional — 2,) (0.17119 + 0.03223 + 4.73 & 


The final special equation for v, is therefore 10 above. 

In Table VI the saturation volumes are given for each ten degrees 
from zero computed from Equation (10). Below 100° the values of 
the saturation volumes correspond to saturation pressures given by the 
following pressure-temperature relation: 


Int. Atm. _ 3142.305 


§2log T+ 2.4804 X 
(t + 273.16) 


28.5847521 (11) 


logio p 


Above 100 degrees the corresponding saturation pressures are given 
by equation (1) of paper Part II as already stated. The formula (11) 
reproduces the experimental values of Scheel and Heuse more satis- 
factorily than formula (2) of the latter report with respect to the 
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TABLE VI 


SATURATION VOLUMES OF STEAM ComputreD From Equation (10) Usine 
SATURATION PRESSURES OBTAINED FROM EQUATION (1), Part II 
(COMPARISONS WITH SIMILAR VOLUMES BY OSBORNE, STIMSON AND GINNINGS 


Vs CC./g. v, cc./g. v, cC./g. CC./g. 
t O.S.G t K.S.G. O.8.G. 
0 2.0630:5 2.0643 :5 200 1.2718:2 1.2716:2 
10 1.0641:5 1.06505 210 1.0424 :2 1.0425 :2 
20 5.7824:4 5.7872 :4 220 8.6070:1 8.6060 :1 
30 3.2922 :4 3.2942 :4 230 7.1483:1 7.1470:1 
40 1.9543 :4 1.9550:4 240 5.9684 :1 5.9674:1 
50 1.2045 :4 1.2047 :4 250 5.0061 :1 5.0054:1 
60 7.67833 7.6788 :3 260 4.2149:1 4.2145:1 
70 5.0463 5.0464:8 270 3.5593 :1 3.0093 :1 
SO 3.4092 :3 3.4094:3 280 3.0122:1 3.0124:1 
2.361555 2.361735 290 2.5522 :1 2.5927 :1 
100 1.6732:3 1.6733 :4 300 2.1625:1 2.1634:1 
L110 1.8300 :1 1.8312:1 
120 S.9165:2 S.9179:2 320 1.5438 :1 1.5454:1 
130 6.6821 :2 6.085 1:2 1.2952:1 1.2968 :1 
5.085822 5.0861 :2 340 1.0764:1 1.0776:1 
150 3.9246 :2 3.9250 :2 300 8.802 S.798 
160 3.0676 :2 3.0678 :2 360 6.984 6.941 
170 2.4255 :2 2.4256 :2 270 5.0938 4.949 
[SO :2 L.Y3S0:2 4.608 
190 1.5632 :2 1.5631 :2 374 3.693 


374.11 3.1975 
The digits following the numbers are the indices of 10 forming the fac- 
tors by which the numbers are to be multiplied. Thus, 2.0630:5 means that 
the volume is 2.0630 10°, or 206300.0 ce./g. 


values from O to 30 degrees. It is also much simpler than Equation 
(5) of the earlier report, although this equation appears to be a 
satisfactory smoothing function over the same temperature range. 
Comparisons of the present saturation volumes with those of other 
investigators is not easy. .\s a matter of fact, there has been developed 
only recently a method of direct measurement capable of giving 
highly precise values, —the general calorimetric method of Osborne, 
Stimson and Fioch.” Saturation values are of course given in the 
various steam tables but the most recent contain values derived from 
latent heats of evaporation through the Clapeyron equation. Such 


*S Usborne, Stimson and Fioch, U. S. Bur. Stand. Jour. Res. 5, 411 (1930). 
Osborne, Stimson and Ginnings, Mech. Eng. 57, 162 (19385). 
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values are not particularly interesting for comparison purposes with- 
out a full discussion of the sources and comparative merits of different 
latent heats. Moreover the most recent experimental results of our 
colleagues in the steam investigation are now sufficiently complete 
to indicate the accord between two independent methods of measure- 
ment. The Osborne, Stimson and Ginnings values given in the 1935 
paper cited, extend from 0° to 370° and consist of directly measured 


24 
values of L—™ designated as +. With reliable values of dp/dT 


d 
from the vapor-pressure relation v is given by y/ r= using the 
Clapeyron equation. The columns of specific volumes in Table VI 


headed O. S. G. were deduced from the experimentally determined y 


values using the 7 ae 


values taken from the 1933 report of Osborne, 


Stimson, Fioch and Ginnings.” ‘The agreement appears to be satis- 
factory to 350° and constitutes a further indication of the accord 
between the results of the independent investigations.” Our specific 
volumes above 350° depend on an extrapolation of saturation volumes 
by Equation 10 which is based on values deduced from the superheat 
volumes through the equation of state (9) valid to 10 ce. per gram or 
saturation temperatures somewhat higher than 340°. It is true that 
in carrying out the extrapolation the graphically deduced saturation 
temperatures corresponding to volumes 7.5, 6.25, 5 and + ce. per 
gram were available but the graphical extrapolation as has been sug- 
gested may not be particularly reliable and becomes more uncertain as 
the critical region is approached. The values due to Osborne, Stim- 
son and Ginnings in column 3 of Table VI are considered the more 
reliable at 350° and higher temperatures. 

Table VII contains data for the specific volumes of steam from 100° 
to 550° and to 400 kg./em.? computed by using equation (9) to LO ce. 
per gram and for smaller volumes by graphical methods. Saturation 
volumes at the various temperatures are given in brackets. 


“tL represents the heat of evaporation, the saturated vapor, and vr. the 
saturated liquid specific volume. 

> Osborne, Stimson, Fioch and Ginnings, U. S. Bur. Stand. Jour. Res. /0, 
155 (1933). 

*° The Osborne, Stimson, Fioch and Ginnings values of 7'— are in excellent 

dT 

agreement from LOO to 360° with similar values Obtained by Smith, Neves and 
Gerry in their Part Ll of the Steam Research Program. Differences for the 
most part are less than one in three thousand. 
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THE ENTHALPY OF STEAM 


The enthalpy, H, may be conveniently derived by starting with 


the differential equation ait) =y—T7 = =) where +t 
Op T oT p OT p 


represents 7—'. Using the equation of state (9) it is evident that the 


Br 
right hand member becomes (=) . Integration gives the following 


+ 
P 
) dp (12) 
OT 
where H, is a pure temperature function, the nature of which is 
evident upon differentiating (12) with respect to temperature subject 
to the condition that p decreases to zero. We then find: 


oll, 
13 


where C,° is the heat capacity steam would have at very low, in the 
limit zero, pressure; a pure temperature function. The equation 
(12) may now be written: 


Jp 


and fh is a constant to be determined when a condition of reference is 
selected. 

The second term of the right hand member of (12) is readily ob- 
tained from the B form given under (9) leading to an equation which 
may be written as follows: 


T 
n= h+ aT + p+ 


relation: 


9 O(B pe 


1/4 0(Boz)*+ go(z) 1/13 ps (15) 
Ot OT 

The value of C,,° is evidently of great importance but unfortunately 

the heat capacity of a gas or vapor is very difficult to measure accurate- 

ly although great ingenuity has been exercised in the attempt to 

secure reliable values. H. N. Davis?’ reduced 178 of the older 


"7H. N. Davis, Mech. Eng., 46, 85 (1924). 
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determinations of Knoblauch and Jacob*® by means of the Joule- 
Thomson data obtained by Davis and Kleinschmidt” obtaining values 
of C,° for temperatures from 135 to 350°. The fundamental equa- 
tion required for the analytical reduction is as follows: 


P (0 Ou. 
C, =C, d C,| —) dp 16) 


where C, is the heat capacity at pressure p and wis the Joule-Thomson 
coefficient. The results of the computations led to the following 
equation for C,° valid from 140 to 350°. 
= 1.7485 + 8.54-10~t (17) 
Int. j. 
\ reformulation of the same specific heat data including results ob- 
tained by Regnault and by Brinkworth was later undertaken by 
Professor J. H. Keenan*® using additional Joule-Thomson data. The 
following equation resulted from the investigation: 
121.4 
= 1.4421 + 1.13-10°%t+ 


Int. j. 1 


(15) 


In a later paper Davis and Keenan*! again discussed the specific 
heat data including the recent measurements of Knoblauch and 
Raisch® and Knoblauch and Koch* but without altering the equation 
(18) for C,°. 

H. Hausen* published a paper in 1931 in which a formula for C,° 
due to Wohl and von Elbe® was used in a formulation of the quantity 
(C, — C,°). The formula® has a quasi-quantum theoretical basis 
and is given in the following form: 


© 


= [4 + + 2E(22)| 

(19) 

= O/T; O1 = 2280 

1)? xe = = 5370 


29 Davis and Kleinschmidt, Mech. Eng. 44, 165 (1923). 

J. H. Keenan, Mech. 45, 144 (1926). 

' Davis and Keenan, Mech. Eng. 4/7, 922 (1929). 

Knoblauch and Raisch, Zeit. Ver. Deutsch. Eng. 66, 418 (1922). 

* Knoblauch and Koch, Zeit. Ver. Deutsch. Eng. 72, 1733 (1928). 

* H. Hausen, Forschung auf dem Gebiete des Engeneurwesens, 2, 319 (1951). 
® Wohl and von Elbe, Zeit. fir Phys. Chem. (B) 5, 241 (1929). 

See Max Jacob’s comments, 1/32, 6S4 (1931). 
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Keyes, Smith and Gerry® in 1934 published a formulation of the 
new volume data of Smith and Keyes** which enabled all the new 
specific heat data,** the Joule-Thomson data and the new determina- 
tions of the enthalpy of steam by Osborne, Stimson and Fioch to be 
used for computing C,,°, and the following equation was deduced to 
represent the results: 


C,° = 1.8738 + 3.211 X 10“t + 1488 X 
Int. j 

In the meantime S. Sugawara‘? had formulated the new steam data 
and proposed an equation for C,° based on his computations. His 
equation follows: 

= 1.9088 + 9.2931 (21) 
Int. j 

In view of the almost insuperable difhculty of measuring the low 
pressure heat capacities of gases with high precision, there can be 
little question that the most reliable method of obtaining an accurate 
knowledge of C,° is through the use of band spectrum data. Until 
recently however" a satisfactory analysis of the rotation-vibration 
band spectrum data for water vapor had not been carried out. Some 
further work remains to be done but sufficient is known to permit 
calculation of reliable thermodynamic properties and the required 
computations have recently been made by A. R. Gordon® leading 
to values of the entropy and heat capacity for water vapor in the 
hypothetical ideal gas state. It is believed that Gordon’s values, 
extending from 25° to 1200° are the most satisfactory existing data 
and these C,,° values will be used in completing the enthalpy equation. 
The following empirical form* suffices for the temperature range of 
interest. 

37 Keyes, Smith and Gerry, Mech. Eng. 55, 87 (1933). 
Smith and Keyes, Mech. Eng., 54, 123 (1982). 

°°'W. Koch, Forschung auf dem Gebiete des Eengenieurwesens, 3, 1 (1932). 

*’ S. Sugawara, Mem. College of Eng., Kwoto Imp. Univ. >, 17 (1982). 

" Mecke, Zeit. f. Physik, 8/, 313 (1933). Baumann and Mecke, Zeit. f. 
Physik, 8/, 445 (1983). Freudenberg and Mecke, Zeit. f. Physik, 8/7, 465 
(1933). 

© A. R. Gordon, J. Chem. Phys. 2, 65 (1934). 

) * We owe this formula to Professor J. H. Keenan. The formulation based 
on the Gordon values and used in computations for the Third International 
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. = 1.47198 + 7.5566 1047 + (22) 


Int. j. 
C,° dT =1.47198 (1 —273.16) + 3.7783 X 10+ (7? — 273.162) + 


273.16 
273.16 
Table VIII gives a survey of the values of C,° from the sources re- 
ferred to above for temperatures 100, 200, 300, 400. 
TABLE VIII 
COMPARISON OF C,° VALUES FROM VARIOUS SOURCES 


J. H. Keenan’ K.S.G. 


1926 1934. Warmeta- A. R.  A.R.G. 
18 Kq. 20 bellen W.von E. Sugawara Gordon (IXeenan) 
100 8804 1.9074 1.8844 1.9181 1.8820 1.8821 


200 =1.9247 1.9500 1.9333 1.9352 1.9460 1.9305 1.9306 
300 1.9929 2.0106 1.9996 1.9947 1.9914 1.9887 1.9886 
400 2.0745 2.0982 2.0442 2.0573 2.0575 2.0517 2.0517 


We will evaluate the enthalpy constant using the enthalpy of 
steam, at 100° and saturation pressure, as determined by Osborne, 
Stimson and Fioch; our colleagues in the steam investigation. The 
enthalpy is recorded under the convention that the enthalpy of the 
liquid at zero and saturation is zero. Of course zero is the temperature 
of equilibrium of water, ice under a pressure of one atmosphere 
whereas the triple point of water is 0.01° C and should preferably be 
taken as the reference temperature for enthalpy and entropy. We 
will take for the enthalpy of saturated steam at 100° and one inter- 
national atm. the quantity 2675.35 Int. joules (//5;'°°). Making use 
of the Gordon C,° values as represented by Keenan’s empirical 
formula (22) and the equation of state (9) to evaluate the remaining 
integral of (14), we find for h, the number 2502.36. The equation (15) 
may now be written in the following abbreviated form, using 4, B, 
C', D to represent the coefficients of pressure. 


= 2502.36 + C,° dT + Ap+ Bp? + Cpt — Dp® 
(Int. j.) To 
In ‘Table IX the values of enthalpy corresponding to the saturated 
vapor state, //,,, are tabulated from 0 to 350. In the second column 
the latent heats are given computed by means of the Clapeyron 
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TABLE IX 


LATENT HEATS OF EVAPORATION AND ENTHALPY OF STEAM FOR THE 


f L Clap. 
0) 2500.15 
10 2476.18 
20 2452.42 
30 2428.88 
40 2405.14 
50 2381.37 
60 2357 . 40 
70 2333.05 
SO 2308.18 
90 2282.75 
100 2256. 64 
110 2229.80 
120 2202.18 
130 2173.68 
140 2144.19 
150 2113.60 
160 2081.78 
170 2048. 61 
1SO 2013.95 
190 1977.63 
200 1939.52 
210 1899.00 
220 1857.10 
230 1812.37 
240 1764.95 
250 1714.52 
260 1660.74 
27 1603.18 
280 1541.34 
290 1474. 57 
300 1402.08 
SLO 1322.80 
320 1235. 22 
330 1137.14 
340 1024.99 
350 $92.15 
36 724.73 
370 


“ Extrapolated. 


SATURATED VAPOR 


LO-S.G. 


2497. 


2475 


2452. 
2429. 
2405. 
2382. 
2357. 
2333. 
2308. 
2282. 
2256. 
2229. 


2202 


2173. 


2144 


2113. 
2081. 
2048. 
2013. 
1977. 
1939. 
1899... 
1857. 
IS12.: 
1764. 


2° 
38° 
27° 
85* 
10 
97 
41 
36 
79 
59 
69 
52 
.02 


1714.55 


1660. 
1603. 
1541. 
1475.: 
1408. 3: 
1324. 
1237.3: 
1026. 
SYL. 
717. 
438.2 


Fa. 15A 
2501. 
2520. 
2538. 
2556. 
2574. 
2591. 
2609. 
2626. 
2643. 
2659. 
2675. 
2690. 


2705 


2719.: 
2732. 
2744. 
2756. 
2766. 


2779. 
2783. 
2790. 
2795. 
2799.2 
2801. 
2801. 
2799. 
2794. 


2787. 


86 
1] 
24 
27 


2764.35 


2747. 
2725. 
2697.3: 


2662. 
2618. 
2562. 


5s* 
2491. 27° 


26098. 
2004. 
2620. 


2562. 


2479.4 


pe 
2332 


All values are in Int. joules per gram of steam using the factor 1.0003 for the 
The factor used to convert ce. 


ratio of the absolute to the international joule. 
atm. to int. j. was 0.101295. 


2497.77 

2517 . 2 
2554.86 
2591.21 
© 
2608.88 
2626. 16 

26 3 03 

2659. 44 
9675.35 

2675.35 

2690. 67 
‘ 705 4? 
0) 2732.75 
0 2745. 14 

4 2756. 64 
> ard l l 
3 2776. 
“> 

> 2801 R 
34 ) . OS it 
2801.88 
| 

0 2799. 69 
) Ss a é 
| 2788.00 
ge, 
2764. 64 

> 2747. 56 
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equation, using the values of 7 from Table VI, dp/dT and v2 from 
parts II and III of these reports.“ 

The corresponding values of latent heats and enthalpy given by 
Osborne, Stimson and Ginnings*® are also listed in columns three and 
five. The agreement is quite satisfactory with the exception of the 
values above 340°. The saturation volumes above 350°, as stated in 
discussing Table VI, are difficult to obtain precisely by graphical 
extrapolation of the isometric data and the larger latent heats in 
column two are due to the fact that our larger volumes were used in 
the computation. In a later paper the isometrics for volumes smaller 
than 10 ce. per gram will be represented analytically thereby making 
it possible to carry out the extrapolation with greater precision. 


LATENT Heats BELow Firry DEGREES 


It will be noted that the enthalpy at 0° computed from the Clapey- 
ron relation and from the H/,; equation differs by 1 part in 1460, a 
quantity that is larger than is desirable in view of the accord at higher 
temperatures. Unfortunately there are few data available in this 
region. The lowest temperature for which latent heats have been mea- 
sured with modern equipment*® is 50° where the measured value 2382.1 
is to be compared with 2381.37 from column two; a difference of 1 part 
in 3300. The difference cannot all be due to an error in the saturation 
specific volume since the volume given by Osborne, Stimson and 
Ginnings differs by 1 part in 6000 from that used in the computation. 
The value of 7, (273.16) used in the present paper is probably in 
error at most by | part in 10000 relative to the true value, while the 
accord of the international temperature scale with the thermody- 
namic scale is entirely satisfactory in this region according to a private 
communication from Professor Beattie, who bases his opinion on 
many comparisons between his gas and resistance thermometers.‘ 


| lp 
The quantity most likely in doubt is the value of “e . All values of a 
( 


employed below 100° are based on the data of the Physikalisch 
Technische Reichsanstalt tables of 1909, and the derivatives obtained 


“LL. B. Smith and F. G. Keyes, Proc. Am. Acad. Arts and Sei. 69, 285 
(1934); 69, 137 (1934). 

% Osborne, Stimson and Ginnings, Mech. Eng. 47, 162 (1935). 

# N.S. Osborne, Mech. Eng. 53, 187 (1931). 

47 This conclusion is also supported by the earlier work of Henning and his 
coworkers. 
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by Osborne and Myers** above 50° differ from the values used in the 
present paper (derived from equation 11) by 1 in 7400 at most. At 
50° the difference is 1 in 12000, dropping to 1 in 2400 at 30° and to 1 
in 650 at O°. In part II of the steam papers some comments were 
made regarding the difficulty of obtaining derivatives below 50° and 
further comment may now be made on the basis of the //,; equation 
from which latent heats may be derived by subtracting at correspond- 
ing temperatures the value of H,. due to Osborne, Stimson and 
Ginnings. 

To establish the equation (15A) there is available as already stated 
the Gordon C,,° values which we consider the most reliable available. 
We have also very exact measured values of the liquid enthalpy, 
which were used in part III to derive values of-Cp2, the heat capacity 
for constant pressure for the saturated liquid. Finally there is avail- 
able the equation of state (9) for steam. It proves of interest to use 
these data to compute the change of the latent heat with temperature 
and view the trend of the values below 50°. The significance of any 


peculiarities of trend in rT; derives from the relation of the quantity 


dp 
to the vapor pressure, or in our case more immediately to a 
( 


It is convenient in computing Ti to use the following equation :*° 


dL, OVet dp 


where Cp: and C2 are the constant pressure heat capacities at satura- 
tion pressures. Below 100° {| —— } is small relative to — (1 part 
p OT /p 
in 186 at 100°)* and may be neglected. C,; is given by the relation 
Cr = Cpr? + 0/0T dp and has already been given 
OT p 
‘SN. 5S. Osborne and C. H. Myers, U. 8S. Bur. of Standards J. Res. Js, 1 
(1934). 
** This equation is a new form of a familiar equation. It is exact and 
may be easily derived from the relation 


dL Ov; 
ar = + L/T — Liv. — v2 = 


* Of course far less at lower temperatures. 
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(Table VIII, part III). Table X gives the computed values of = as 


and similar quantities derived from the Osborne, Stimson and Gin. 
nings latent heats. From Fig. 3, prepared from the entries in Table 
X, it is clear that there is a maximum in the computed values at about 
15°. Of course it has long been known that a minimum existed in C,, 
below 50°, and accordingly it is to be expected that the course of the 


Ti curve might exhibit some peculiarity of trend in approximately 


the same temperature range. The question of the quantitative 
accuracy of the computed numbers is important. The values for C,, 


and (==) are computed using the equation of state 9. The values 
7 


d j 
of a used are not important since they are sufficiently exact for our 
( 


present purpose. The fraction of C,:° — Cp2 due to the equation of 
state contribution is 0.02 at 0°, 0.044 at 20°, and 0.104 at 50°. It 
would appear therefore that the numbers should be reliable as to 
trend and at least approximately correct in magnitude.*° 


dL 
- Clearly if a maximum exists in the Ti relation there must be a 


corresponding inflection in L as a function of 7. The inference is 
therefore that dp/dT will exhibit a related peculiarity in about the 
same region and if dL/dT could be accurately represented as a function 


of temperature along with rt B*' it should be possible, in principle, 


to carry out the required integrations and obtain the relation between 
saturation pressure and temperature subject to the condition that 
L and p are known at 100°. In practice this has proven to be difficult 
owing to the large number of terms which arise. It may appear 


dL 
6° An empirical equation representing wT is as follows: 


IL 
(- 2.390 + 4.038-10-% — 1.3584-10-4 + 26.6038 — 


2.3128 - I.j. 


*! From the Clapeyron equation and the equation of state, neglecting v2. we 


l d | ) pe 
find (vy = L = RE + aT 
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TABLE X 


dL 
VALUES OF IT Ustne EQUATION 23 


t dh» 2352 ome dL 

dT ile dT 

0 2.390 

10 2.366 
20 2.366 2.291 
30 2.378 2.326 
40 2.398 2.358 
50 2.421 2.393 
60 2.452 2.434 
70 2.491 2.480 
80 2.532 2.530 
90 2.570 2.587 
100 2.621 2.654 


simpler to evaluate ae using the values for 2; from Table VI and L 


from the H,; equation. This procedure, however, leads to no more 
information and the values of 2; are of course computed from the 
equation of state using pressures given by the vapor pressure equation 


11 so that the “e values obtained by this calculation would not be 


independent of the assumed vapor pressure values. 

We believe it best to postpone further consideration of this inter- 
esting subject until exact data on latent heats over the region of 
interest become available, and possibly also the results of a special 
investigation of the vapor pressures of water. Before leaving the 
subject it is worth noting that the successive differences in 7’ log p 
for 5° intervals using the Reichsanstalt vapor pressures indicate a 
maximum in the differences. ‘The numbers have been used to con- 
struct figure (4). 

The discussion and intercomparison of the older body of latent heat 
measurements has been critically carried out by one of our colleagues 


* The values in this column could have been derived from the H,, equation 
iL 
15A diminished -by H,.. Because of the maximum in = it is simpler to pro- 
( 


ceed by the use of Eq. 23. 
Computed from the latent heats of Osborne, Stimson and Ginnings 
using the Rutledge method for derivatives (Phys. Rev. 40, 262, 1982). 
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in the steam program of research in a recent publication.“ It was 
shown that the older data were in remarkably good agreement with 
the new measurements,” and few of the determinations deviated more 
than one part in five hundred. The latest estimates of the latent heats 
below 50° by our colleagues impairs somewhat the earlier very 
striking agreement in this region, otherwise the accord is on the 
whole very good within the limits stated. Especially notable is the 
accord of Carlton-Sutton’s value 2256.6 I. j.; Richards and Mathew’s, 
2256.5; Mathew’s, 2255.2; and Henning’s, 2255.7 with the present 
figure 2256.6. The only available determination at zero is apparently 
too low, the 2490.6 I. j. due to Dieterici. 

Later important determinations of latent heats by our German 
Colleagues in the steam investigation, Jakob® and Jakob and Fritz‘? 
may be viewed as a continuation and extension of the earlier work of 
Henning, who, nearly thirty years ago, reached a temperature of 180°. 
The final comparison of these excellent results will be postponed to a 
later paper. The agreement of the computed latent heats with the 
new values is, however, quite satisfactory. 


THE DERIVED ENTHALPY FOR SUPERHEATED STEAM 


During the course of the steam investigation preliminary experi- 
mental results for the enthalpy of superheated steam have been 
privately communicated by our English and Czechoslovakian col- 
leagues. We have also had the privilege of seeing the results of Doctor 
W. Koch’s computations of enthalpy based directly on his measure- 
ments of superheated steam. The latter data were particularly 
interesting because no assumed values of C,° are involved, whereas 
equation (15A) depends directly upon the Gordon C,° values. The 
general accord of the enthalpy computed from 15A with the experi- 
mental data and with Doctor Koch’s deduced values is gratifying, 
and final comparisons must await full publication of the independent 
investigations, It may also be necessary finally to have further 
information on the magnitude of the differences in the international 
and thermodynamic temperature scales. Should the latter differences 
prove to be large it will be necessary to reformulate the equation of 
state for steam and recompute the derived quantities. 


“kK. F. Fioch, Trans. Am. Soc. Mech. Eng., Fuels and Steam Power, 52, 
231 (1930). 

5 Osborne, Stimson and Fioch, U. S. Bur. Stand. J. Res. 5, 411 (1930). 
Osborne, Stimson and Ginnings, Mech. Eng., 57, 162 (1935). 

°° Max Jakob, Forschungsarbeiten Ver. Deutsch. Eng., 3/0, 9 (1928). 
57 Max Jakob and W. Fritz, Zeit. Ver. Deutsch. Eng., 73, 629 (1929). 
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The results of the present computations of enthalpy are given in 
Table XI for even pressures in standard atmospheres and kilograms 
per cm.? from 100° to 550°. In Table XII will be found the coefficients 
A, B, C and D of Equation 15A for pressures expressed in the two 
pressure units appearing in Table XI. 

Some comparisons of the values of the enthalpy as given in Table 
XI with similar values from recent steam tables®** are of interest. 


A(T LOG Pmm) 


463-— 


460 


45.7 


35 


FiGure 4 


The following table, XII1, gives the differences in parts per thousand 
between the values of enthalpy in the latest steam tables of Knob- 
lauch, Raisch, Hansen and Koch and those in Table XI. It is evident 
that the values in the latter table are increasingly smaller than the 
kK. R. H. and K. values as higher pressures and higher temperatures 
are approached. ‘The computed values are in better agreement with 
the Keenan steam table values as might be anticipated in view of the 


Knoblauch, Raisch, H. Hansen and W. Woch, Tabellen und Dia- 
gramme fiir Wasserdampf, Berlin, 1982. Herbert Moss, The Revised Callen- 
dar Steam ‘Tables, London, 1931. Joseph H. Keenan, Steam Tables and 
Mollier Diagram, New York, 1930. 
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TABLE XII 
VALUES OF THE COEFFICIENTS OF PRESSURE IN THE ENTHALPY EQUATION 15A 
(All values are in Int. joules per gram of steam) 


—A —B —C D 
LOO 12.5735 9.7886:—1 2.9957:— 3 negligible atm. 
12.1691 9.1692:-1  2.6285:— 3 kg./em.? 
150 7.1061 2.3680:—1 2.0983:— 4 ss 
6.8776 2.2182:—1 1.8411:— 4 
200 4.5676 7.4531:—2 2.3550:— 5 6.5570:—19 
4.4208 6.9814:—2 2.0664:— 5 4.2871:—19 
250 3. 2024 2.8060:—2 3.5977:— 6 3.3200:—22 
3.0994 2.6285:—2 3.1568:— 6 2.1742:—22 
300 2.3870 1.2001:—2 6.7363:— 7 4.1496:—25 
2.3103 1.1242:—2 5.9107:— 7 2.7131:—25 
350 L. 8608 5.6384: —3 1.4314:— 7 9.9183:—28 
L. S009 5.2816:—: 1.2560:— 7 6.4847:—28 
400 L. 5002 2.8435:—: 3.2161:— 8 3.1429:—30 
1.4519 2.66385:—3 2.8219:— 8 2.0549: —30 
450 1. 2412 1.5142:—: 6.9325:— 9 —1.3387:—32 
1.2013 1.4184:—.: 6.0829:— 9 —8.7526:—33 
500 0480 8.4112:—4 1.0959:— 9 —1.5184:—33 
1.01438 7.8789:—4 9. 6158:—10 —9.9275:—34 
550 0.8994 4.8282:—4  —1.2859:—10 negligible 
0.8705 4.5225:—4  —1.1283:—10 


TABLE XIII 
ENTHALPY DIFFERENCES BETWEEN THE 1932 KNOBLAUCH, RaiscH, HAUSEN 
AND Kocu Steam TABLE VALUES AND THose oF TABLE XI 
Differences are in parts per thousand and positive when the steam table values 
are the greater 


"C | kg/em.? LO 50 LOO 200 250 
200 -1.10 —O.11 

300 0.80 —0.75 +-O.37 

400 —(). 58 +0.18 2.06 +3.27 +3.42 
500 0.32 +0. 92 +4.55 +6. 25 +6.00 +6.07 
550 —0.194 +1.20 +o. 60 +8.05 +8. 20 +7.10 


fact that much of the data in the present steam papers was available 
for use at the time of their compilation. ‘The Callendar-Moss values 
are larger than the computed, for example along the 400° isotherm by 
from 0.2 to 0.3 parts per thousand. 


*”” The digits following the numbers are the indices of LU forming the factors 
by which the numbers are to be multiplied. Thus the value of —B at 200° is 
7.4531 & 10° or 0.074531. 
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In view of the expectation that the results of the extensive series 
of experimental determinations of enthalpy by our British, German 
and Czechoslovakian colleagues will be published in the near future, 
more extended comparisons with steam table values wil! not be pre- 
sented here. It is of interest at this time to note that enthalpy values 
over the temperature range 0 to 550° and to pressures of 300 kg./cem.? 
were adopted by the Third International Steam Tables Conference®™ 
held in the United States in September, 1934. The Table XI values 
are in accord with the conference values to the order of one per 
thousand or better over the range of temperature and to pressures 
including 250 kg./em.? 


THE Speciric HEAT CAPACITY OF SUPERHEATED STEAM 


The heat capacity of steam for constant pressure may be very 
readily computed by means of an equation derived by differentiation 
from the enthalpy equation, 15A. The differentiation of the coef- 


0. 
ficients of the pressure was carried out directly for aT equal to 


(3— B,) [0.20257 + 0.1886- 10%? + 0.014048- 10"*] I. j. The deriva- 
tives of the coefficients B and C were obtained from a 10° interval table 
by using the Rutledge method already mentioned. In this instance 
three derivatives for each temperature were evaluated from the Rut- 
ledge coefficients and the average accepted as the true derivative 
desired. In the case of the D pressure coefficient its change with tem- 
perature is large and the differentiation operation was carried out on 
the logarithm of D. The Table XIV contains the coefficients of the C, 
equation (I. j., kg./em.*) for each twenty degrees between 100° and 
500° inclusive. The Table XV contains a few comparisons between 
the latest high pressure observed values of W. Koch® and those com- 
puted. An impression of the accord between all of the most recent 
specific heat measurements over the pressure range 30 kg.® to 200 kg. 
may be obtained from Fig. 5. It will be noted that the computed 
values for pressures of 120 kg. and lower pressures (+ points) lie 
systematically below the observed data to an increasing extent as the 
saturation line is approached. At 120 kg. there are two independent 
series of observations, the latest of which are smaller numerically than 
the earlier low pressure series. In the later series of measurements 
Dr. Koch modified his apparatus for the purpose of insuring the 


® Mech. Eng., 57, 701 (1935). 
W. Koch, Forschung auf dem Gebiete des Engenieurwesens, 3, (1932). 
* Knoblauch and Koch, Zeit. Ver. Deutsch. Eng. *2, 1733 (192s). 
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elimination of fog or liquid water particles in the steam. The possi- 
bility is not excluded that in the earlier measurements entrained 
water or fog was present which would be increasingly difficult to 
eliminate as observations were carried out nearer the saturation limit. 


TABLE XIV 


PRESSURE COEFFICIENTS OF THE EQUATION FOR THE CONSTANT PRESSURE 
Speciric Heat CAPACITY OF STEAM 


Cy, = + Alp + Bp? + — 
kg./em.®, Int. j. 


t A’ B’ bg — 
100 1.5954: —1 2.921:—< negligible 
120 1.1093:—1 1.446:—2 4.596:— 5 
140 7.979: 7.612:—3 1.492:— 5 
160 5.907:—: 4.221:-—: 5.306:— 6 
180 4.483:—: 2.447:-—: 2.035:— 6 
200 3.477:—: 1.474:—-: 8.320:— 7 
220 2.748:—2 9.183:—4 3.595:— 7 2.812:—21 
240 2.208:—2 5.890:—4 1.628:— 7 1.330:—22 
260 1.801:—2 3.877:—4 7.683:— 8 7.416:—24 
280 1.488:—2 2.611:—4 3.756:— 8 4.744:—25 
300 1. 244:—: 1.794:—4 1.892:— 8 3.431:—26 
320 1.051:—: 1.255:—4 9.787:— 9 2.765:—27 
340 8.967:-—: 8.928:—5 5.175:— 9 2.449:—28 
360 7.717:-—3 6.444:—5 2.787:— 9 2.348: —29 
380 6.693:—: 4.713:—5 1.524:— 9 2.387:—30 
400 5.848:—3 3.489:—5 8.423:—10 2.485:-—31 
420 5.143:-—3 2.612:—5 4.692:—10 2.451:—32 
440 4.550:—3 1.974:—5 2.622:—10 1.637:—33 
460 4.049:—3 1.506:—5 1.463:—10 —1.563:-—34 
480 3.622:—3 1.159:—5 8.087:—11 —1.226:—34 
500 3.255:—3 8.794:—6 4.390:—11 —4.900:—35 


The digit following the numbers are the indices of 10 forming the factors 
by which the numbers are to be multiplied. Thus the value of B’ at 100 is 
2.921 K 10° or 0.02921. 


On the other hand it must not be overlooked that in the computations 
we are compelled to deal with second derivatives of volume with 
respect to temperature. Thus, even if it is admitted that the primary 
p, v, 7 data are exact and the selected empirical equation used appears 
satisfactory. it does not necessarily follow that derivatives obtained 
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by differentiation of the primitive equation will be exact. Of course 
the need for accurate derivatives was kept in view in working out the 
equation of state 9 and due care was exercised in the methods of 
obtaining the derivatives therefrom. 

The importance of reliable specific heat measurements such as 
those of Knoblauch and Koch, and Koch is considerable for the 
measurements may be made the basis for a tabulation of thermody- 


Heat CAPACITY OF SUPERHEATED STEAM 


30 


Cp KNOBLAUCH AND KOCH 
INT CAL. ° 


100 300 400 500 
Figure 5 


namic properties as has been pointed out by Koch. The data are also 
a severe test of the precision of p-v-7' data and especially of the formu- 
lation used to represent volume data. ‘The order of agreement of our 
computed specific heats with the observations, while not entirely 
within the limits of precision of the latest Koch measurements, 1s 
nevertheless a satisfactory indication that the equation of state 9 
possesses no inherent defects when used within the limits specified. 
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THe Enrropy OF SATURATED AND SUPERHEATED STEAM 


The general equation for the entropy is most conveniently derived 


from the differential equation =) a in view of the p, v, T 
data available. The limits of pressure are to be zero and finite pres- 
sures; of temperature, the ice point, 7’, and 7. We proceed with the 


integration as follows, adding and subtracting R log p:* 


p 
i= Rlogp+ f (7 ap + Su (24) 
oT 


The quantity in brackets is zero where (**) is given by a for the 


case po = RT. Using the equation of state 9 and noting that f(7) is 
T 


given by f C,° dlog T, we obtain for the S; equation: 
To 


T P /aB 
S, = f dlog T — 1.06242 login p — dp + 81° 
Oo oT p 


The first integral we will evaluate using equation 22, resulting in the 
following expression: 


T 
dlog T = 3.38937 logi T/T + 7.5566-10- (7 — T,) + 


47.8365 (to — 7) (28) 


The evaluation of the remaining integral is facilitated once a table 
of Bo, 91, 93 and 9,2 values and the pressure coefficients (Table XII) 
of the enthalpy equation 15A is compiled. The integral to be evalu- 
ated may be merry as follows, using equation 5: 


P/OB 1 1 1 
Lp? + Mp*— Np® (26) 
The coefficients A, B, C and D are equal respectively (Eq. 15) to 


This device avoids 1 an infinity which would otherwies : appear in the 
integral. 


Me 

Pe. 

an 

at 

q 

(2 

at 


THE SPECIFIC VOLUME OF STEAM 


IPL € 


006 


"sqo 
OST 


SIG & 
ISP G8P 
C98 168 & 
b Sle P 
Och S 98E°S 
T6L°4 682°2 
‘duroo *sqo 
O9T 


L00°& 
006 & 
69F 
PES E 
10S 
sg9'°¢ 
8h6°8 696°8 
OFT 


SLING) 


AX ATAVL 


G 006 S SHO 
096°% € 
€ 
9E8'€ EIS'E 
F LOS F 
80L°S S88L°¢ 9726'S 
‘duoy II I 
OZT 


HOOY 40 LNAOAY AHL HLIM GAUVdINOD SAILIOVdVO 


O9F 
OFT 
OCF 
OOF 


we 
309 
© 
= 
# 
3 
2 
. 


360 KEYES, SMITH AND GERRY 


with similar ‘reer for L, M, and N, due attention being paid to the 


fractions 14, 14, and 1/13. Table XVI gives an abbreviated set of the 


coefficients valid for units kg. per cm.’, int. joules per degree. 
TABLE XVI 
COEFFICIENTS OF PRESSURE FOR EQUATION 26 


Int. j./deg.; kg. 


t K L M —N 
100 2.603 —2 2.255 —3 6.730— 6 
200 7.078—3 1.364—4 4.146— 8 8.944 —22 
300 2.965 —3 1.765—5 9.790 —10 4.670 —28 
400 L.570—35 3.556 —6 4.016-—11 3.018 —33 
500 9. 601 —4 9.182—7 1.222—-12 1.258 —36 


The constant S,° is determined from a single value of S. That at 
100° is conveniently taken from the work of Osborne, Stimson and 
Fioch at the National Bureau of Standards. The entropy of liquid 
water is given at 100° relative to 0° as 1.3059 joules per degree. 
The entropy of evaporation at 100° from the same source is 6.04724 
giving for the entropy of the saturated vapor at 100° (373.16) and 
1.03323 kg./em.? the value 7.3536 int. joules per degree. From Table 

latm, - 
XVI we find — 0.0293. The value of Cyi dlog 
0 oT 
Tis 0.5817, and S,° becomes 6.8158 joules per degree kK. ‘The entropy 
at O° C (p = 0.006226 kg.) may now be computed and is found to be 
9.1577 joules per degree K. This number when multiplied by 273.16 
gives 2501.52 L. j., a number which should be equal numerically to the 
heat of ev apori ition at zero. The number obtained from the enthalpy 
equation is 2501.86, a sufficiently satisfactory correspondence. 

Table XVII contains a few values of the entropy for a range of 
temperatures and pressures computed from the equation 23, using 
the equation 24, the coefficients of Table XVI and the constant 6.8163. 
‘The values from the Knoblauch, Raisch, Hausen and Koch steam 
tables have been entered in the table for comparison. Other values 
might also be entered for comparison but it is anticipated that in the 
near future a considerable body of new data will be reported and for 
this reason it seems best to postpone detailed intercomparison, 


66 This as given is assuming 7° to be 273. 10 
instead of 273.16. The number is therefore larger by about two units in the 


lust place. The figure used has been communicated privately by Doctor 


Osborne. 
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The numerical values for other thermodynamic functions would be 
of interest, particularly the energy and the function F = H — TS. 
The latter can of course be easily computed from the values of H and 
S given in the present paper. In the case of the energy however it 
would be advantageous to represent the p-v-7 data with pressure as 
the explicit variable thereby facilitating the computation of the 


term (7 of the energy equation: 


Jo 
T p 
u= caT-— (26) 
0 


. 


In a later paper the equation of state in the form p = f(v7) will be 
given and the energy of steam computed from an equation of the 
above form. Values of the energy can of course also be computed 
from the relation 7 — pv = U, using the data of the present paper. 


TABLE XVII 
ENTROPY OF STEAM 


Calories per degree Kelvin* 


Kg.;em.? 
t 1 10 50 100 200 250 
LOO 11. 7608 
21.7604 
200 11.8713 1.6005 
21.8735 1.6011 
300 11.9627 1.7018 1.4859 
21.9642 1.7036 1.4863 
400 12.0404 1.7841 1.5920 1.4910 1.3378 
22.0421 1.7848 1.59038 1.4879 1.3335 
500 12.1100 1.8555 1.6730 1.5855 1.4790 1. 4362 
22.1112 1.8553 1. 6682 1.5789 1.4723 1.4307 


THE JOULE-[THOMSON COEFFICIENTS 


A comprehensive investigation of the Joule-Thomson effect in 
steam was made by Davis and Kleinschmidt, comprising part of the 


1921 A. S. M. E. program of steam research. Data were reported as 


* Units are Int. joules/g. x or Int. steam calories per degree Kelvin. 


4.18605 
‘ From the tables of Knoblauch, Raisch, Hausen and Koch. 
>Computed from the entropy equation. 
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early as 1923.6 The work was carried out for temperatures 125 to 400 
inclusive, and for pressures extending to 40 kg./em.2 The older 
results of similar measurements have been already critically discussed 


TABLE XVIII 


DAVIS AND KLEINSCHMIDT JOULE-THOMSON COEFFICIENTS 
COMPARED WITH COMPUTED VALUES 


Units °C per Kg./cm.? 


em.” cm.? 
t = 125° t = 260° 
1.125 4.801 4.908 1.60 1.485 1.495 
> 3.16 1.536 1.506 
a 10.55 1.549 1.539 
1.405 3.730 3.928 14.77 1.548 1.548 
2.81 3.998 4.009 15.11 1.577 1.549 
t = 166° 20.00 1.551 1.550 
1.60 2 973 2 180 25.30 1.545 1.543 
1.76 3 092 3 182 32.40 1.533 1.526 
2 85 3.209 3 2998 39.60 1.511 1.499 
5. 62 3.264 3.270 
t = 196° t = 300° 
1. 60 2.368 2.405 1.70 1.163 1.168 
3.52 2.409 2.451 3.16 1.193 1.174 
7.04 2.557 2.500 8.44 1.192 1.188 
7.04 2.474 14.00 1.207 1.199 
7.60 2.522 2.505 15.00 1.197 1.199 
10.55 2.570 2.500 20. 25 1.201 1.202 
10.55 2.490 32.70 1.187 1.199 
t = 225° t = 347° 
1.60 1.882 1.910 1.60 0.932 0.905 
3.16 1.995 1.930 7.38 0.929 0.918 
7.04 1.978 1.970 15.00 0.928 0.922 
10.55 1.948 1.985 35.00 0.919 0.926 
14.77 1.987 1.990 
20.25 1.953 1.970 
20. 25 2.001 


* R. V. Kleinschmidt, Mech. Eng. 45, 165 (1923). 


H. N. Davis, Mech. 


Eng. 45, 85 (1924); 47, 107 (1925). J. H. Keenan, Mech. Eng. 48, 144 (1926). 
R. V. Kleinschmidt, Mech. Eng. 48, 155 (1926). 
Keenan, No. 455, World Eng. Conference Reports, Tokyo, 1929. 


H. N. Davis and J. H. 
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by H. N. Davis.*? The first attempt to compute Joule-Thomson 
coefficients from the present volume data was published recently®* 


JOULE-THOMSON EFFECT VALUES 
— = COMPUTED}; O= OBSERVED 


5.0 


° 225° 
0 10 20 30 40 
Pp Ke/ 
FIGuRE 6 


using for C,° a relation deduced from a reduction of the recent en- 
thalpy, specific heat and Joule-Thomson data referred to above. 
In the later paper a modification of the equation of state proposed to 


°7 H. N. Davis, Proc. Am. Acad. Arts and Sci. 44, (1909). See also Proc. 
Am. Soc. Mech. Eng. 30, 1419 (1908). 

68 Keyes, Smith and Gerry, Mech. Eng. 57, 113 (1934); also Mech. Eng. 459, 
164 (1935). 
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represent the present volume data to 10 cc. per gram was reported 
and a diagram given showing the agreement of new computations 
with the Davis and Kleinschmidt results. In these computations 
Gordon’s C’,° values were used as given by Eq. 22. 

The coefficients may readily be computed from the equation for 
enthalpy, 14, by differentiation resulting in the following equation: 


(i) 

_(@\ _ Ot /p 

dp OB: 
f Say) 


Tables XII and XIV give the data from which the Joule-Thomson 
numbers may be computed for the temperatures listed. Table XVIII 
gives for comparison the observed data under columns PD and K and 
the computed Joule-Thomson values under the columns labelled 
“comp.” The accord of the computations with the observations 
appears quite satisfactory but from figure 6 it is clear that the calcula- 
tion does not reproduce the low pressure point at 125, 145, and the 
two low pressure points of the 166 isotherm. Aside from these defects, 
the accord with the observations appears to be everything that could 
be expected. The effect provides exceptionally good data for testing 
the equation of state, and the discrepancies noted may be an indica- 
tion of a failure of the equation to give accurate results below 190°. 
Further information on this point will be forthcoming when the re- 


oH 
sults of additional direct measurements of (*). and uv. are available 
P/T 


using the new calorimeter referred to earlier (Part 1, reference 38). 
The new measurements will also supply information on the heat 
capacity of steam since this quantity is equal to the ratio of the iso- 
thermal increase of H with pressure to the Joule-Thomson effect. 
Nore: A most important paper by Max Jacob and W. Fritz 
appeared in Physikalische Zeitschrift, 36, 651, 1935, containing a full 
report of their measurements on the physical properties of steam. 
This work appeared after the present paper had been sent in for 
publication. A comparison of the Jacob and Fritz work with the 
present results will be made in a later paper on the properties of steam. 
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